Overexpression of mac25 in the prostate cancer cell line M12 effects a dramatic reversal of the transformed phenotype. cDNA array analysis of RNA from cells overproducing the mac25 protein (M12/mac25) indicated upregulation of the sex determining transcription factor SOX9. In this study, we have confirmed increased expression of SOX9 in M12/mac25 cells and have further investigated the physiological effects of increased SOX9 production. Greatly increased levels of SOX9 RNA and mature protein were demonstrated in cells transfected with a SOX9 cDNA (M12/SOX9), and gel mobility shift assays confirmed binding of nuclear protein from these cells to an oligonucleotide containing the SOX9 consensus binding sequence. M12/SOX9 cells assumed the spindleshaped morphology characteristic of M12/mac25 cells, suggesting that SOX9 mediates some effects of mac25. Elevated expression of SOX9 resulted in a decreased rate of cellular proliferation, cell cycle arrest in G0/G1, and increased sensitivity to apoptosis. Tumor development in athymic nude mice was inhibited by 80%. Finally, prostate-specific antigen and the androgen receptor, two genes whose expression is characteristic of differentiated cells, were both upregulated in M12/SOX9 cells. These data indicate that SOX9 contributes to growth regulation by mac25 via inhibition of cell growth and promotion of differentiation.
Introduction
Insulin-like growth factor binding protein-related protein 1 (IGFBP-rP1), originally termed mac25 in meningial and mammary cell lines, has also been called tumor cell adhesion factor (TAF), prostacyclin stimulating factor (PSF), or angiomodulin, depending on cell context (Swisshelm et al., 1995; Kato et al., 1996; Oh et al., 1996; Kishibe et al., 2000) . It was cloned as a gene that is decreased in meningioma cell lines compared to primary cultures of benign leptomeningeal cells (Murphy et al., 1993) and as a senescence-associated gene from human mammary epithelial cells (Swisshelm et al., 1995) . We have previously demonstrated increased mac25 expression in senescent human prostate epithelial cell cultures (Lopez-Bermejo et al., 2000) , and research on a variety of malignancies has demonstrated that mac25 is a potential tumor suppressor protein. Burger et al. (1997) identified loss of heterozygosity in 50% of breast cancer tissues, and expression of a transfected mac25 cDNA in MCF-7 breast cancer cells resulted in decreased cell proliferation, an increase in noncycling cells with arrest at G0/G1, and a significant increase in senescence-associated b-galactosidase (Wilson et al., 2002) . In murine SV40-T-induced hepatocellular cancer, mac25 is silenced by methylation (Komatsu et al., 2001) . Production of mac25 has been shown to decrease in metastatic prostate cancer (Hwa et al., 1998) ; reexpression of the protein in a human prostate epithelial cell line inhibited tumor formation in vivo when the transfected cells were placed in nude mice, and in vitro it resulted in an increased sensitivity to apoptosis, increased cell doubling time, decreased invasion, and altered cell morphology (Sprenger et al., 1999) . mac25 has also been demonstrated to have a nuclear localization sequence, and in the M12 human prostate tumor cell line, it localized to the nucleus in association with neuroendocrine differentiating protein 25.1 (Wilson et al., 2001) . These data suggest that mac25 may act by directly activating transcription of one or more effector molecules that are responsible for tumor suppression activity.
As a first step in the identification of genes induced by mac25 expression in prostate epithelial cells, we have performed cDNA array analysis of M12 cells overexpressing IGFBP-rP1/mac25, and on M12 cells transfected with empty vector (Plymate et al., 2003) . Among several gene products determined to be upregulated in M12/mac25 cells was the transcription factor SOX9, a critical protein in male gonadal development and in chondrogenesis. SOX9 belongs to a family of transcription factors named for their DNA-binding domain (SRY-related HMG box); it activates transcription and causes DNA bending (Marshall and Harley, 2000; Koopman et al., 2001) . Mutations or deletions in humans result in campomelic dysplasia syndrome manifest as chondro-dysplastic dwarfism, chondrocyte sarcomas, and sex reversal or intersex if the subject is XY (Kanai and Koopman, 1999; Olney et al., 1999; Preiss et al., 2001) . SOX9 is a downstream effector of SRY, which in turn is dependent on the activity of androgens and the androgen receptor (AR) (Kent et al., 1996; Bowles and Koopman, 2001 ). The central importance of this factor in development is illustrated by the observation that in XX transgenic mice, production of SOX9 results in completely normal testis development and spermatogenesis (Healy et al., 1999; Vidal et al., 2001; Clarkson and Harley, 2002 ). SOX9 has not been studied in prostate cells, but its role in cell differentiation and its potential for interaction with androgens and the AR suggest that it may have powerful tumor suppressive activity. In the current study, we have investigated the effects of SOX9 on growth, apoptosis, and tumorigenicity in prostate cancer cells by transfection of the SOX9 cDNA into the M12 human prostate cancer cell line. Our results demonstrate effects of SOX9 on cell growth and gene expression consistent with mediation of mac25 activity through promotion of differentiation and inhibition of malignant proliferation.
Results

SOX9 expression in M12 prostate cancer cells
cDNA array analysis performed in our laboratory had indicated potential regulation of SOX9 in M12 cells which overproduce mac25 following transfection with mac25 cDNA (Plymate et al., 2003) . These results were confirmed by Northern blot analysis, as shown in Figure 1a . A low level of expression of a 4.5 kb mRNA species, the expected size of SOX9 mRNA, was apparent in M12 cells transfected with empty vector (M12pC). This expression was markedly increased in M12/mac25. Transfection of M12 with the 2 kb SOX9 cDNA resulted in expression of the transgene in two clones at an approximately 12-fold higher level than in M12pC cells. Although Panda et al., (2001) reported that overexpression of a SOX9 transgene in CFK2 cells enhanced production of the endogenous transcript, we did not observe any similar effect in the M12 cells. Western Figure 1 SOX9 mRNA and protein expression in M12 clones transfected with SOX9 plasmid expression construct. Individual colonies isolated from transfection plates in cloning rings were plated in defined medium (RPMI/ITS) containing 5% FCS; after allowing the cells to attach for 24 h, the medium was replaced with serum-free RPMI/ITS and cells were grown to approximately 80% confluence. RNA was extracted from cell monolayers and analysed for the production of SOX9 mRNA by Northern hybridization as described in the text (a). Protein was extracted from parallel cultures and analysed by Western blotting with specific antibody for SOX9; 100 mg of total protein was loaded in each well (b). Expression of SOX9 in normal prostate epithelial cells was evaluated by RT-PCR, using specific primers for SOX9 (c). Controls (M12pC) are M12 transfected with nonrecombinant pCDNA3. Results obtained with M12/mac25 cells are included for comparison SOX9 in prostate cancer cells R Drivdahl et al immunoblotting using a polyclonal SOX9 antibody demonstrated increases in SOX9 protein which parallel the changes in mRNA (Figure 1b) .
In order to ascertain that SOX9 expression is not simply an aberrant feature of either transfected or tumor cell lines, we performed reverse transcription (RT)-PCR analysis of SOX9 expression in primary cultures of nonmalignant prostate epithelial cells. The data in Figure 1c indicate that SOX9 mRNA is expressed in three separate populations of these cells at readily detectable levels.
To determine that the transfected SOX9 was generating an active nuclear transcription factor, we performed gel mobility shift assays using a double-stranded oligomer corresponding to a portion of the N-cadherin promoter containing a SOX9 consensus binding site. Nuclear extracts were prepared from near-confluent cultures of M12pC and M12/SOX9, incubated with 32 Plabelled oligomer, and analysed by nondenaturing electrophoresis as described in Materials and Methods. Figure 2a demonstrates binding of the labelled oligomer to nuclear protein from SOX9-transfected cells; binding at lower levels was apparent in M12pC control cells. Inclusion of unlabelled N-cadherin promoter oligomer in the reaction effectively reduced formation of the shifted band, indicating the specificity of binding. The presence of a nonspecific competitor DNA (AP1 oligomer) had no effect. The Northern hybridization experiment shown in Figure 2b demonstrates that the ability to bind the N-cadherin promoter oligonucleotide correlates with increased production of cadherin mRNA.
Alteration of cell morphology
A particularly striking characteristic of SOX9-transfected M12 cells was the development of an elongated, spindle-shaped morphology, in contrast to the more cuboidal appearance of M12pC cells ( Figure 3 ). As seen in the figure, this phenomenon is also evident in mac25-transfected cells, suggesting that SOX9 upregulation plays a key role in this and other physiological effects of mac25. Morphological changes may result in part from increased transcription of adhesion proteins such as cadherins, as well as the reported redistribution of actin filaments brought about by SOX9 (Panda et al., 2001) . Such alterations of cellular architecture reflect a fundamental prodifferentiation activity of SOX9.
Regulation of cellular proliferation and cell cycle distribution SOX9 stimulates cellular differentiation in a number of cell types, including Sertoli cells and chondrocytes (Graves, 1998; Healy et al., 1999; Olney et al., 1999; Marshall and Harley, 2000; Koopman et al., 2001) , and it would be expected that this activity is coincident with inhibition of cell proliferation and cell cycle progression (Panda et al., 2001) . Accordingly, we performed analyses of the increase in cell number in M12pC and M12/SOX9 clones using the MTS assay. M12/mac25 cells were included for comparison. As shown in Figure 4a , the total cell number was reduced by 30 and 37% in the two SOX9-expressing clones, compared with 35% in the M12/mac25 cells. Similar results were Although M12pC cells are able to proliferate extensively in defined serum-free medium, the M12/SOX9 cells become inviable during extended serum-free culture in these conditions, apparently requiring mitogens in serum to counteract the effects of SOX9. These data suggest that cellular proliferation is inhibited by the actions of SOX9; however, as indicated below, SOX9 also sensitizes M12 cells to apoptotic cell death, which probably represents an additional contribution to the decrease in cell number. Flow cytometry with propidium iodide of cells grown for 24 h in growth factor-free medium re-affirmed previous results with M12pC cells (Sprenger et al., 2002) , in which the majority of cells were found in the G1 phase (mean ¼ 71%), while M12/mac25 cells accumulated in the apoptotic sub-G0/G1 and to a lesser extent in G1; very few were identified in the G2/ M phase. Expression of SOX9 produced a pattern that emulated that of M12/mac25, with 61% of cells found in G0/G1, 17% in G1, and no measurable G2/M fraction. In parallel experiments, cells were synchronized in G2/ M with 5 mM nocodazole for 20 h and then analysed by flow cytometry as before. Nocodazole was selected as the synchronizing agent because it synchronizes cells in G2/M and thus clearly demonstrates delay of cells in G1. Figure 5 demonstrates that synchronized M12pC cells accumulate in the G2/M phase, but M12/SOX9 cells were found primarily in the G1 phase. Virtually identical results have been previously reported for M12/ mac25 (Sprenger et al., 2002) . Thus, both mac25 and SOX9 overexpression effect growth retardation and G1 arrest, probably creating an increased susceptibility to apoptotic cell death, as discussed below.
Effect of SOX9 expression on apoptosis in M12 cells
Previous work from this laboratory has demonstrated that in addition to its inhibition of cell proliferation and cell cycle progression, mac25 also promotes apoptotic cell death, an expected accompaniment to reduced growth and enhanced differentiation. As shown in Figure 6 , this is also a feature of SOX9 expression. Increased susceptibility to apoptosis, with a consequent decrease in cell number and viability, was indicated by the demonstration of increased cleavage of poly(ADPribose) polymerase (PARP). PARP is a nuclear protein specifically cleaved by caspase-3 and -6, generating a signature 85 kDa product. Appearance of the 85 kDa band in addition to the unmodified 115 kDa band is therefore a marker for activation of caspases in apoptosis (Rosenthal et al., 1997; Simbulan-Rosenthal et al., 1999) . Results depicted in Figure 6 demonstrate that the intensity of the 85 kDa band, relative to M12pC controls, is greatly increased in both the M12/mac25 and M12/SOX9 cells.
Tumorigenesis in athymic nude mice
The severely diminished growth of M12/SOX9 cells and increased occurrence of apoptosis indicate a potent inhibition of the transformed phenotype; this phenomenon was further examined by in vivo experiments in athymic, nude male mice. As shown in Figure 7 , constitutive expression of SOX9 strongly inhibited the ability of M12 cells to form tumors in vivo. When cells from either the M12pC controls or the M12/SOX9 line were injected subcutaneously into sets of 10 mice, all 10 control mice developed tumors after 8 weeks, compared to only three of the mice receiving M12/SOX9. Additionally, the tumors in the M12/SOX9-treated mice were significantly smaller: tumor volume in mice injected with M12/SOX9 was only 9.6% of the value observed in control mice.
Markers of cellular differentiation
The known functions of SOX9 in cellular development led us to further examine expression of markers for prostate differentiation. Tran et al. (2002) have demonstrated a correlation between stages of prostate epithelial cell development and production of prostate stem cell antigen (PSCA), AR, and prostate-specific antigen (PSA). The data in Figure 8 demonstrate that the parental M12 (control) cells belong to a 'late intermediate' stage of differentiation, as evidenced by readily detectable levels of PSCA mRNA and the absence of both AR and PSA. Increased expression of SOX9 resulted in expression of both PSA and AR indicating that, as in other tissues, SOX9 is involved in progression to a more differentiated phenotype. As might be expected with continuous expression of genes potentially deleterious to cell growth, AR and particularly PSA were most readily detected in cells from early passage following transfection; their expression is prone to silencing with increasing number of cell passages. The mechanism of silencing (e.g. promoter methylation or mutation) has not been determined.
Discussion
SOX9 expression is an absolute requisite for both male sexual differentiation and cartilage formation (Graves, 1998; Healy et al., 1999; Olney et al., 1999; Marshall and Harley, 2000; Koopman et al., 2001) , and it has recently been reported to be necessary for neural crest development in Xenopus (Spokony et al., 2002) . It has also been detected in breast, skin, brain, and kidney (Kent et al., 1996; Lefebvre et al., 1997; Afonja et al., 2002) , but despite the implicit significance of SOX9 in male reproductive physiology, there have been no studies on its expression or activity in prostate tissue. We have found by cDNA array analysis that its production is stimulated in M12 prostate cancer cells by transfection Figure 6 Apoptosis in M12 clones. Tumor cells were grown to near confluence and then incubated with 5 mM etoposide, a DNA topoisomerase inhibitor and an inducer of apoptosis, for 8 h.
Attached cells were scraped into 1 ml of 1 Â PBS, recovered by centrifugation and resuspended in 200 ml RIPA buffer (PBS containing 1% NP-40, 0.1% SDS, and 0.5% sodium deoxycholate). Remaining procedures of sample preparation and Western blot analysis were as described previously, except that the polyacrylamide gel percentage was 7%. PARP was detected using a specific monoclonal antibody from Oncogene Research. Appearance of the signature 85 kDa band, resulting from cleavage by caspase-3 and -6, in addition to the unmodified 115 kDa band, is used as a marker for induction of apoptosis with a cDNA for mac25. mac25 has been shown to inhibit prostate tumor cell growth (Sprenger et al., 1999) , and it was theorized that SOX9 may serve as a downstream mediator of mac25 tumor suppression activity. The data presented here establish that elevated production of SOX9 in itself is sufficient to initiate a sequence of events associated with tumor suppression, including reduced cellular proliferation, increased apoptosis, cell cycle arrest, and inhibition of tumor growth in vivo. The similar and distinctive morphological changes induced by both mac25 and SOX9 further suggest that many of these growth effects at least partially derive from stimulation of SOX9 expression. Several factors have been shown to stimulate SOX9 synthesis, including androgens in Sertoli cells , retinoids in TC6 cartilage and T-47D breast cancer cells (Afonja et al., 2002) , and fibroblast growth factors in differentiating chondrocytes (Murakami et al., 2000) . SOX9 was implicated as a critical intermediary in the differentiating activities of these factors and, at least in chondrocytes and male development, it may qualify as the master regulator. The effects of mac25, SOX9, and the AR in prostate are intriguing in their similarity, suggesting that mac25 and SOX9 may mimic prodifferentiation and antitumor activities of gonadal steroids in cells that have either lost or mutated the AR, most notably in metastatic, androgen-independent prostate cancer. mac25 itself can be upregulated by retinoids in breast and prostate cells (Swisshelm et al., 1995; Hwa et al., 1998) , and may therefore function in a cascade mechanism that leads to SOX9 induction and subsequent differentiation and growth inhibition. However, the SOX9 promoter was also reported to have three potential RARE sites, which would enable retinoids to activate directly SOX9 transcription (Afonja et al., 2002) .
The identification of genes regulated by SOX9 will be a critical focus of further research on its actions in prostate. The col2a1 and col11a2 genes are established targets in chondrocytes (Healy et al., 1999) , as is antiMullerian hormone (AMH) in Sertoli cells (Kent et al., 1996; Marshall and Harley, 2000) . Panda et al. (2001) reported increased N-cadherin gene expression in SOX9-transfected CFK2 cells, a phenomenon of particular interest in view of the pronounced morphology changes observed. N-cadherin belongs to a group of calcium-dependent adhesion molecules, which connect cells with each other and with extracellular matrix Rate of tumor volume increase in mice injected with M12pC or M12/SOX9 cells. Nude athymic male mice were injected subcutaneously with either M12/SOX9 or M12pcDNA control cells (1 Â 10 6 cells/mouse) and maintained on a laboratory diet ad libitum for 8 weeks. Tumors were counted and measured weekly. * Significant difference from control (Po0.005) (Vleminckx and Kemmler, 1999) . They play important roles in development, and the increased production of cadherins and/or other adhesion molecules could explain the elongated spindle shape assumed by CFK2/SOX9 cells (Panda et al., 2001 ) and the M12/ SOX9 cell line. The data presented in Figure 2 clearly demonstrate upregulation of N-cadherin by SOX9 in M12 cells; binding of SOX9 produced in M12 cells to the N-cadherin promoter fragment indicates a direct effect on RNA transcription.
Our data demonstrate that SOX9 causes cells to accumulate at the G0/G1 stage of the cell cycle, or in G1 when cells are synchronized. Similar results were presented in the studies discussed above with CFK2 and T-47D cells (Panda et al., 2001; Afonja et al., 2002) , and they are also entirely analogous to those reported previously for M12/mac25 cells (Sprenger et al., 2002) . SOX9 regulates expression of known mitotic inhibitors, which could account for stalling in G1. Most notable is p21, which contains a SOX9 consensus binding sequence in its promoter and was transcriptionally activated in the study of CFK2 cells (Panda et al., 2001) . p21 has been invoked as a potential mediator in control of prostate tumor cell growth by vitamin D, and a vitamin D response element has also been identified in the p21 promoter (Miller, 1999) . Lu et al. (2000) have also established that androgens can induce p21. However, in a previous study, p21 was downregulated by mac25, whereas p27 was increased (Sprenger et al., 2002) . In LNCaP cells, p27 was considered to be the major mediator of G1 arrest, and p27 levels declined during progression to an androgen refractory state (Murillo et al., 2001) . It has also been reported that Akt interferes with AR activity (Lin et al., 2001 ) and also downregulates p27 (Graff et al., 2000) in prostate tumor cells; recent experiments in our laboratory indicate that Akt also downregulates SOX9, providing a further indication of a causal link between SOX9 and p27 expression. It will therefore be of interest to examine cell cycle genes whose expression is influenced by SOX9, and also to determine the requirement for SOX9 in the induction of these genes through the use of antisense or siRNA to inhibit SOX9 function.
The cDNA array studies with M12/mac25 cells also demonstrated upregulation of manganese-dependent superoxide dismutase (MnSOD2), which has been extensively studied as an anticancer agent due to its antioxidant activity (Li et al., 1998; Oberley, 2001 ). MnSOD2 acts as a tumor suppressor in M12 cells (Plymate et al., 2003) . The mechanism of action for mac25 is unknown, but it has been shown to translocate to the nucleus and may act as a transcription factor (Wilson et al., 2001) . It is not known at present if mac25 directly stimulates expression of both SOX9 and MnSOD2, and it would be equally plausible for SOX9 as a transcription factor to activate MnSOD2 expression. The putative function of SOD2 in signal transduction (Rhee et al., 2000) also offers a potential mechanism for transcriptional control of additional genes in M12/mac25 cells. The enzymatic activity of SOD2 generates H 2 O 2 , which influences protein phosphorylation (e.g. by inhibition of phosphatase activity), and in M12 cells either overproduction of SOD2 or treatment with H 2 O 2 causes MAPK activation. In primary chondrocytes, SOX9 transcription was induced by fibroblast growth factors via activation of the MAPK pathway (Murakami et al., 2000) . In an analogous situation, the AR is required for SOX9 expression in developing testis, and several studies have associated AR transactivation and induction of androgen target genes with the MAPK system (Reinikaninen et al., 1996; Yeh et al., 1999) .
In summary, SOX9 acts as a tumor suppressor in M12 prostate cancer cells, inhibiting proliferation by causing cell cycle arrest in G0/G1. As a transcription factor with a crucial role in normal development, it induces genes involved in cellular differentiation, resulting in the formation of mature cells susceptible to senescence and apoptosis. Growth arrest may partially derive from stimulated transcription of mitotic inhibitors such as p21 or p27, while increased production of structural and adhesion proteins such as collagens and cadherins results in altered morphology and development of cell to cell and cell to matrix contacts. Further research will undoubtedly reveal additional genes targeted by SOX9. SOX9 may also mediate tumor suppression by mac25 in concert with other factors such as MnSOD2. mac25 has the potential to upregulate SOX9 expression directly, but generation of H 2 O 2 by the activity of MnSOD2 presents another pathway for activation, via interaction with MAPK. Our future studies will focus on identification of the role of SOX9 in mediation of tumor suppression and identification of other genes which it recruits for growth inhibition and differentiation.
Materials and methods
Reagents
Tissue culture media and additives, antibiotics, bacterial growth media, guanidine isothiocyanate, phenol, and agarose were purchased from GIBCO (Grand Island, NY, USA). Defined fetal calf serum (FCS) was purchased from HyClone Laboratories (Logan, UT, USA). Random primers labelling kits, horseradish peroxidase-linked anti-rabbit secondary antibody, and enhanced chemiluminescence reagents (ECL) were purchased from Amersham Pharmacia Biotech (Piscataway, NJ, USA). Gene Screen nylon blotting membranes and 32 PdCTP were obtained from NEN-DuPont (Boston, MA, USA). Nitrocellulose and polyacrylamide gel electrophoresis reagents were purchased from BioRad Laboratories (Richmond, CA, USA). The SOX9 antibody was obtained from Santa Cruz Biologicals, and restriction enzymes were obtained from Promega Corp. (Madison, WI, USA). The human SOX9 cDNA, a 2.1 kb sequence encompassing the full protein coding sequence (Lefebvre et al., 1997) and cloned into pCDNA3 (InVitrogen), was a gift of Dr David Goltzman.
Cell lines and culture
The M12 line was derived from tumors developed in nude mice injected with p69SV40T cells; these are human prostate epithelial cells immortalized with SV40T antigen (Bae et al., 1998) . M12 cells express stem cell antigen (PSCA) and are SOX9 in prostate cancer cells R Drivdahl et al cytokeratin positive (Bae et al., 1998) ; they also express PSA when expression of the AR is induced (see below). Cells were maintained at 371C in RPMI 1640 supplemented with 10 ng/ml EGF, 0.1 mM dexamethasone, 5 mg/ml insulin, 5 mg/ml transferrin, 5 ng/ml selenium, and 50 mg/ml gentamicin (RPMI/ ITS), in a 95% air/5% CO 2 atmosphere. FCS (5%) was included at plating, and the medium was replaced with the defined medium after 24 h. Cells used in these experiments were determined to be free of mycoplasma using the GenProbe Mycoplasma TC Rapid Detection System (Gen-Probe, San Diego, CA, USA). Primary cultures of benign prostate epithelial cells were obtained from Clonetics Corp. (Rahway, NJ, USA) and cultured in DMEM containing 5% FCS.
Cell transfection
Plasmid DNA from a positive colony was linearized with PvuI and introduced into M12 cells by liposome-mediated transfection with pFx-5 (InVitrogen) according to the manufacturer's instructions. Control cells were prepared by transfection with pcDNA3 alone; these are designated as M12pC. After 48 h, cells were passaged into selective medium containing 400 mg/ml G418 and cultured for 10 days. Individual colonies were isolated from the plate by trypsinization in cloning rings and maintained in growth medium containing 200 mg/ml G418. SOX9 mRNA and protein expression were determined by Northern and Western blotting as described below.
Western blotting
Cell lysates were prepared by addition of cold lysis buffer (30 mM HEPES, 150 mM NaCl, 1.5 mM MgCl 2 , 1 mM EGTA, 10% Triton X-100) containing protease inhibitors and phosphatase inhibitors (Phosphatase Inhibitor Cocktail II, Sigma) to monolayer cultures. Total protein concentration was determined with the BCA protein assay kit (Pierce Biological). A measure of 100 mg of each sample was boiled in 100 ml of SDS sample buffer (0.05 M Tris, pH 6.8, 2% SDS, 0.025% bromphenol blue). Samples were then subjected to electrophoresis in 12% SDS-polyacrylamide gels and transferred electrophoretically to nitrocellulose as described by Hossenlopp et al. (1986) . The transfer buffer contained 15 mM Tris base, 120 mM glycine, and 5% methanol. Membranes were washed successively in Tris-buffered saline (TBS is 20 mM TrisHCl, pH 7.5, containing 0.15 M NaCl), TBS/3% NP-40, TBS/ 1% BSA, and TBS/0.1% Tween 20. They were incubated overnight at 41C with appropriate antibodies in TBS/0.1% Tween 20 and washed two times with TBS/0.1% Tween 20 and three times with TBS. Bands were detected using horseradish peroxidase-linked anti-rabbit secondary antibody and enhanced chemiluminescence reagents (ECL system, Amersham Corp., Arlington Heights, IL, USA), according to the manufacturer's protocol.
RNA extraction and analysis
RNA was extracted from cells by a minor modification of the procedure of Chomczysnki and Sacchi (1987) , as previously described (Drivdahl et al., 2001) . RNA was dissolved in 100% formamide and fractionated by electrophoresis in 1.25% agarose gels containing 0.66 M formaldehyde and 20 mM MOPS buffer, pH 7.2; 0.5 mg of ethidium bromide was added to each sample to stain the RNA (Lehrach et al., 1977; Fourney et al., 1989) . Following electrophoresis, the RNA was visualized by UV illumination on a Fotodyne transilluminator. Visual analysis of ethidium bromide staining of the 28S and 18S RNA bands was used as a preliminary indication of the integrity and uniform loading of RNA. RNA was then transferred to Gene Screen by capillary blotting in 10 Â SSC and crosslinked to the membrane with the Stratalinker apparatus from Stratagene Corp. (La Jolla, CA, USA).
Reverse transcription-PCR
Total RNA was obtained as described above and RT-PCR amplification was carried out using the Tth DNA polymerase (Promega) according to the manufacture's directions for RT-PCR reactions. The primer sets were designed using the MacVector DNA sequence analysis program and synthesized by InVitrogen Corp. (La Jolla, CA, USA). Total RNA (1 mg) was transcribed for 20 min at 701C with 10 nM of the downstream primer. Amplification conditions consisted of an initial denaturing step at 951C for 4 min, annealing at 601C for 1 min, and extension/polymerization at 721C for 1.5 min with a 3 s increment per cycle (35 cycles were performed). In all, 0.5 mM of each primer was used in the PCR reaction. PCR products were analysed by electrophoresis in 1.5% agarose gels, stained with ethidium bromide, and visualized with a FotoDyne UV transilluminator. The following primer pairs were used for these experiments: Northern blots were prehybridized at 431C in a Hybaid roller bottle oven (Intermountain Scientific, Salt Lake City, UT, USA); the prehybridization solution was 50% formamide, 6 Â SSC, 5 Â Denhardt's solution, 0.1 M NaPO 4 (pH 7.2), 10 mM sodium pyrophosphate, and 50 mg/ml sonicated herring sperm DNA (Ulrich et al., 1984) . 32 P-labelled probes were prepared from cDNA templates by the random primers technique (Feinberg and Vogelstein, 1983) . The SOX9 probe template was a 980 bp EcoR1/Pst1 fragment of the human cDNA. Probes were denatured in 0.3 M NaOH, neutralized, and added directly to the prehybridization solution. Hybridization proceeded overnight at 431C. The blots were washed at moderate stringency (1 Â SSC, 0.1% SDS, 651C) and exposed to a Kodak X-OMAT AR5 film with an intensifying screen at À701C. Bands were quantitated with an image analyser equipped with the MCID version 4.2 software (Imaging Research, St Catherine, Ontario, Canada).
Cell proliferation assays
The rate of cellular proliferation in culture was measured by a colorimetric MTT assay, using the Cell Titer 96 AQ ueous kit from Promega, as previously described (Damon et al., 1998) . M12pC, M12/mac25, and M12/SOX9 cells were seeded in 48-well plates at 5000/well and assayed after 96 h of growth at 31C. The tetrazolium salt and dye solution for MTT assay were added to cells 4 h prior to color determination and incubated at 371C. Quantitation was accomplished by reading absorbance at 570 nm.
To validate MTT results by direct measurement of cell number, cells were plated in 60 mm dishes (500 000 cells/dish) and grown for 96 h as in the MTT assay. They were removed from plates by trypsinization, resuspended in 1 Â phosphatebuffered saline (PBS), and counted in a hemocytometer.
Growth of tumors in nude mice
Nude athymic male mice (8-week-old) were injected subcutaneously with either M12/SOX9 or M12pC cells (1 Â 10 6 cells/ mouse, suspended in 1 Â PBS) and maintained on a laboratory diet ad libitum for 10 weeks. Tumors were counted and measured weekly, and tumor volume was calculated by the formula (lw 2 )/2, where l and w are the length and width of the tumor, respectively. Statistical analysis included KruskalWallis test for rates of tumor formation and Mann-Whitney U-test for tumor volumes. After 10 weeks, tumors were removed and digested with 0.1% type I collagenase and 50 mg/ ml DNase I by the technique of Peehl and Stamey (1986) . Dispersed cells were plated in RPMI growth medium with 5% FCS for 24 h, and the medium was then replaced with defined serum-free medium. Protein and RNA lysate were prepared and analysed by Northern and Western blotting to confirm retention of SOX9 expression.
Apoptosis assay
Apoptosis was assessed by demonstrating cleavage of PARP by Western blotting (Drivdahl et al., 2001) . Cells were plated in complete medium in 60 mm dishes. At 24 h after plating, cells were changed to RPMI/ITS. Both floating and adhered cells were collected from separate plates at 48 and 96 h after the complete medium was removed. Cell lysates were prepared as described above and fractionated on a 7% SDS-polyacrylamide gel. Western immunoblots were performed with an anti-PARP (polyadenosylribose polymerase) antibody that recognizes the 85 kDa cleaved fragment (Promega Co., Madison, WI, USA).
Flow cytometry
Flow cytometry was performed as described by Sprenger et al. (2002) . Briefly, cells were grown to 80% confluence, trypsinized, recovered by centrifugation, and washed with 1 Â PBS. Cells (2 Â 10 6 ) were resuspended in cold 70% ethanol to a final density of 1 Â 10 6 cells/ml, then pelleted and resuspended in 1 ml of DNA staining solution (PBS, pH 7.4, containing 0.1% Triton X-100, 0.1 mM EDTA (pH 7.4), 0.05 mg/ml RNase A (50 U/mg), and 50 mg/ml propidium iodide). Cells were detected with a Becton-Dickinson FACS Caliber at a wavelength of 488 nm. Data were collected and analysed using CellQuest and ModFit software, respectively.
Gel mobility shift assay
Nuclear extracts were prepared using the NE-PER kit from Pierce (Rockford, IL, USA). A measure of 10 mg of nuclear protein was then incubated at room temperature for 10 min in binding buffer (4% glycerol, 1 mM MgCl 2 , 0.5 mM EDTA, 0.5 mM DTT, 50 mM NaCl, 50 mM Tris-HCl (pH 7.5), and 50 mg/ml poly(dI-dC). Total volume was 9 ml. A measure of 1 ml of 32 P-labelled oligonucleotide (1-2 Â 10 5 cpm) was then added and incubation continued for 20 min. Parallel reactions were performed with either no extract or with unlabelled competitor oligomers as described in the figure legend. Complexes were separated by electrophoresis on a nondenaturing 4% polyacrylamide gel. The gel was then dried and bands located by autoradiography.
The oligonucleotide sequence used for SOX9 binding represents a fragment of the human N-cadherin promoter, as described by Panda et al. (2001) . The double-stranded target was generated by annealing oligomers 5 0 ggCCTCATTTA-CATTGTTGTAACCAAAAGT and 5 0 -ggACTTTTGGTTA-CAACAATGTAAATGAGG; the boldface letters designate the SOX9 consensus binding sequence. DNA was end-labelled using T4 polynucleotide kinase and gamma 32 P-ATP (Sambrook et al., 1989) , and unincorporated label was removed on a Sephadex G-25 spin column. Total incorporation into DNA was measured in a BIOSCAN/QC-1000 singlewell counter.
